Background
==========

Hepatocellular carcinoma (HCC) accounts for 80\~90% of all liver cancers and is the third leading mortality factor among all cancers worldwide \[[@b1-medscimonit-22-3025]\]. Due to its insidious onset and course, HCC is often at late stage at the time of primary diagnosis, causing its high invasiveness, unsatisfactory treatment efficacy, and high mortality \[[@b2-medscimonit-22-3025],[@b3-medscimonit-22-3025]\]. Most HCC patients presented re-occurrence even after surgical resection and/or chemotherapy, and rapid progression into terminal stage cancer. It is now recognized that the stem cell-like feature of tumor cells during the progression is closely related with the chemo-resistance and reoccurrence \[[@b4-medscimonit-22-3025]--[@b9-medscimonit-22-3025]\]. Recently, there has been an increasing number of potential prognosis biomarkers associated with tumor progression of hepatocellular carcinoma \[[@b10-medscimonit-22-3025]--[@b13-medscimonit-22-3025]\]. Elevated ZFX expression level has been detected in both pleiotropic embryonic stem cells (ESCs) and hematopoietic stem cells (HSCs) to keep the self-renewal ability of cells. ZFX over-expression has also been found in various cancer cells, including esophagus, gastric and prostate cancer cells, whose stem cell-like feature, colony formation ability, drug resistance, cell survival, and metastasis have all been confirmed to be regulated by ZFX \[[@b14-medscimonit-22-3025]--[@b17-medscimonit-22-3025]\]. The function of ZFX in HCC, however, remains unknown. This study thus aimed to investigate the expressional and functional characteristics of ZFX in HCC.

Material and Methods
====================

Tissue sample collection
------------------------

A total of 83 liver cancer patients were recruited in this study, including 48 cases of HCC, 22 cases of intrahepatic cholangiocarcinoma (ICC), and 13 cases of mixed hepatocarcinoma (MHC). All patients received confirmed diagnosis by pre-operative biopsy. Both tumor tissue and tumor-adjacent tissue (2 cm from the tumor) samples were collected during surgical resection. This study was pre-approved by the ethics committee of our hospital and we obtained written consent from all patients. Another 6 samples of normal liver tissues were recruited as the control group.

Cell culture
------------

Human HCC cell lines HKCI-10, HKCI-C2, and HKCI-8 were cultured in RPMI 1640 medium (Invitrogen, US) containing 10% fetal bovine serum (FBS). Normal hepatocyte cell line L02 was cultured in DMEM medium (Invitrogen, USA) containing 10% FBS as previously reported \[[@b18-medscimonit-22-3025]\].

RNA extraction and RT-PCR
-------------------------

Total RNA was extracted from cultured cells by Trizol reagents (Invitrogen, USA). Residual DNA was degraded by RNase-free DNase I (Promega, USA). First-strand cDNA was synthesized using TaqMan Master Mix (ABI, US) followed by RT-PCR. The fluorescent intensity was detected by FAM490 system and replicated in triplicate. The gene expression level was normalized against 18s rRNA using 2^−ΔCt^ method. When compared to the mean value of normal liver tissues, genes with more than 2-fold increase of expression were defined as having elevated expression.

Western blot
------------

Total protein from lysis buffer was separated in 8% SDS-PAGE and transferred onto PVDF membrane. After blocking non-specific binding sites, the membrane was incubated in anti-ZFX, anti-SOX-2, anti-Nanog antibody (1:1 000, Cell Signaling, USA) or anti-glyceraldehyde-3-phosphate dehydrogenase antibody (1:25 000, Chemicon). Horseradish peroxidase (HRP) was again used to incubate the membrane. The signal was detected by ECL detector (GE Healthcare, USA).

Packaging and transfection of lentivirus
----------------------------------------

A FUGENE transfection kit (Roche, Switzerland) was used to transfect HEK293FT cells with pCMV-VSV-G, pRSC-Rev, pMDLg/pRRE, pLKO.1-NS Ctrl, or pLKO.1-hZFX shRNA (Sigma, USA) vectors. At 48 h after transfection, virus was precipitated from supernatants by buffer (1:4). At 24 h before transfection, HKCI-10 and HKCI-C2 cells were seeded into 6-well plates. At 48 h after transfection, cells were incubated in medium containing 2 mg/mL puromycin for 10-day selection as previously reported \[[@b19-medscimonit-22-3025]\].

Expression of ZFX in HKCI-8 cell line
-------------------------------------

We used pCMV6-ZFX (Origene, USA) vector containing neomycin-resistant gene or blank pCMV6 vector to transfect HKCI-8 cells with the help of Lipofectamine 2000 reagent (Invitrogen, USA). At 48 h after transfection, neomycin (500 mg/mL) was added into the culture medium for cell selection. Quantitative PCR was used to describe the over-expression of ZFX in cells.

Cell cycle analysis
-------------------

Stable transfected cells (3×10^5^) were digested by pepsin and rinsed in PBS. Cells were fixed using 3 mL 70% ethanol at --20°C overnight, followed by precipitation at 1000 g centrifugation for 5 min. PBS was used to gently wash cells twice. Cells were then stained by 50 mg/mL propidium iodide (PI) and 0.5 mg/mL nuclease A for 30 min, followed by flow cytometry analysis. The mean value of G0/G1, S, and G2/M stage was calculated from independent experiments performed 3 times each.

Cell proliferation assay
------------------------

Stable transfected cells (1×10^3^) were seeded into a 96-well plate, in which 8 replicates were performed for a certain time-point (D0\~D7). Using MTT assay, the optical density value at 570 nm was measured on 7 consecutive days. The Click-iT EdU flow cytometry approach was used to detect the level of NDA replication, using the integration of uridine analogs 5-ethynyl-2-0-deoxyuridine (EdU) of newly synthesized DNA strands. In brief, stable transfected cells (3×10^5^) were first incubated in complete medium containing 10 mM EdU for 2 h, followed by PBS washing and Click-iT fixation. After 15-min incubation at room temperature, cells were re-suspended in 500 mL 1× Click-iT buffer and 0.5-mL reaction cocktails were added. After rinsing and re-suspension, cells were analyzed in the FACS Calibur system (BD, US). The percentage of various fluorescent cells were compared by use of WinMDI 2.9 software.

Colony formation assay
----------------------

Stable transfected cells were inoculated into 6-well plates (200 cells per well). After 7-day incubation, medium was removed and cells were washed twice with PBS. After staining by 1% crystal violet (in absolute methanol) for 15 min, the number of colonies (defined as more than 20 cells per colony) was counted and recorded.

Single cell clonal analysis
---------------------------

To evaluate the *in vitro* self-renewal ability of transfected cells, they were seeded into 96-well plates (1 cell per well) and cultured in DMEM medium containing 10% FBS. Twenty-four hours later, those wells with no cells or more than 1 single cell were excluded, leaving only wells with a single cell. Seven days later, the number of clones with more than 20 cells was counted.

*In vitro* cytotoxicity assay
-----------------------------

Stable transfected cells (5×10^3^) were inoculated into 96-well plates. Cisplatin (20 mM) was added for 48-h incubation, followed by MTT assay for cell viability at an absorbance value of 570 nm.

ChIP-PCR assay
--------------

Forty-eight hours after ZFX-flag transient transfection, L02 cells were fixed in 1% formaldehyde and lysed in RIPA lysis buffer containing proteinase inhibitor. Chromatin was fragmented into \~600 bp lengths by ultrasonic processing. After centrifugation, chromatin precipitation was diluted 10-fold by ChIP diluents. With 1-h pre-incubation in protein G-agarose, anti-flag antibody or IgG-controlled serum was used for 4°C overnight incubation. After immunoprecipitation, protein G-agarose beads were used to collect immunoprecipitation complex, which was rinsed by low- and high-saline buffer, LiCl rinsing buffer, and TE buffer, and was eluted by elution buffer. The eluted compounds were decoupled and processed in proteinase K, and purified using a PCR DNA purification kit (Qiagen, USA). Real-time ChIP-PCR was used to quantify ZFX level based on SYBR Green reaction mixtures, along with pre-designed primers flanking possible ZFX binding sites \[[@b20-medscimonit-22-3025]\].

Xenograft of tumor cells
------------------------

Stable transfected HKCI-8 cells (1×10^7^) were re-suspended in 0.1 mL PBS, which was subcutaneously injected into the backs of nude mice (7 weeks old). After 5 days, the tumor size (equals to width^2^ × length/2) was measured and calculated. Three weeks later, mice were sacrificed to extract the tumor tissue for measurement.

Statistical analysis
--------------------

All collected data were analyzed by SPSS16.0 software. The paired *t* test or Mann-Whitney test, as appropriate, was used to compare the ZFX expression level between tumor and tumor-adjacent tissues. The non-paired *t* test was used to analyze the correlation between ZFX expression and clinical pathological parameters. The paired *t* test was used to compare the function of ZFX. Statistical significance was defined as p\<0.05.

Results
=======

ZFX is over-expressed in human HCC
----------------------------------

Quantitative RT-PCR revealed the significantly elevated ZFX expression in HCC tumor samples (T) when compared to normal liver tissues (NL). Among all 83 cases of HCC, 43 (51%) tumor samples had elevated ZFX expression compared to tumor adjacent (TN) tissues ([Figure 1A](#f1-medscimonit-22-3025){ref-type="fig"}). Both mRNA and protein levels of ZFX were elevated in tumor tissues ([Figure 1B](#f1-medscimonit-22-3025){ref-type="fig"}). No correlation existed between ZFX expression level and major clinical parameters, including age, sex, HBV level, histological type, number of lesions, and microvascular invasion. Stage III HCC tumors, however, had higher ZFX expression levels compared to stage I or II tumors ([Figure 1C](#f1-medscimonit-22-3025){ref-type="fig"}, p\<0.05 by non-paired *t* test), suggesting the correlation between ZFX expression and tumor stage. Further analysis revealed elevated ZFX expression level in liver cirrhosis-induced HCC compared to those tumors not caused by liver cirrhosis ([Figure 1D](#f1-medscimonit-22-3025){ref-type="fig"}, p\<0.05). Because tumor-adjacent liver cirrhosis lesions are often recognized as precancerous lesions, ZFX expression level may serve as an index for evaluating the risk of HCC.

ZFX induced the G0/G1 phase arrest of HCC cells
-----------------------------------------------

To explore the mechanism underlying up-regulation of ZFX in HCC tissues, we transfected 2 HCC cell lines, HKCI-10 and HKCI-C2, which have increased ZFX expression ([Figure 2A](#f2-medscimonit-22-3025){ref-type="fig"}, p\<0.01), with lentivirus vector for stable ZFX-deficient clones. Both qRT-PCR and Western blotting revealed the efficiency of ZFX gene silencing ([Figure 2B](#f2-medscimonit-22-3025){ref-type="fig"}, p\<0.001). PI staining showed significantly elevated numbers of cells at G0/G1 phase with fewer cells at S or G2/M phase ([Figure 2C](#f2-medscimonit-22-3025){ref-type="fig"}, p\<0.01), suggesting the cell cycle arrest at G0/G1 phase of HCC cells by the silencing of ZFX gene.

ZFX facilitated HCC cell growth and proliferation
-------------------------------------------------

MTT assay showed decreased *in vitro* proliferation of HCC cells with ZFX gene silencing ([Figure 3A](#f3-medscimonit-22-3025){ref-type="fig"}, p\<0.001), consistent with results from EdU staining ([Figure 3B](#f3-medscimonit-22-3025){ref-type="fig"}, p\<0.001 in both cell lines). Colony formation assay revealed a decreased number and size of cell colonies after ZFX silencing ([Figure 3C](#f3-medscimonit-22-3025){ref-type="fig"}, p\<0.001). The over-expression of ZFX facilitated HCC cell proliferation and colony formation ability (p\<0.001 in both cases). These results collectively suggest the important role of ZFX on *in vitro* proliferation and growth of HCC cells.

ZFX induced stem cell-like features of HCC
------------------------------------------

Due to its critical role in preserving the pluripotency of cells, ZFX's function in mediating stem cell-like characteristics of HCC cells was further studied. We mainly studied 2 major features, self-renewal and drug resistance, of stem cell-like features. The silencing of ZFX in HKCI-10 and HKCI-C2 cells lines inhibited self-renewal ability, with formation of fewer and smaller colonies ([Figure 4A](#f4-medscimonit-22-3025){ref-type="fig"}, p\<0.001). Higher sensitivity to chemotherapy agents occurred in HCC cells after ZFX silencing, as IC~50~ value decreased from 16.86 μg/mL ±1.07 μg/mL (control) to 6.73 μg/mL ±1.10 μg/mL (shZFX-C1) or 7.03 μg/mL ±1.12 μg/mL (shZFX-C2) ([Figure 4B](#f4-medscimonit-22-3025){ref-type="fig"}, p\<0.001). Therefore, ZFX modulates the stem cell-like features of HCC cells.

ZFX induced stem cell-like features of HCC
------------------------------------------

ESC pluripotent-related transcriptional factors include SOX-2, Nanog, OCT-4, and Notch1 \[[@b21-medscimonit-22-3025],[@b22-medscimonit-22-3025]\]. In this study, we focused on the potential effect of ZFX on the expression of those transcriptional factors. Our study found significantly decreased mRNA and protein expressions of SOX-2 and Nanog after silencing ZFX ([Figure 5A, 5B](#f5-medscimonit-22-3025){ref-type="fig"}, p\<0.001), leaving the expression of OCT-4 and Notch1 largely unchanged. The over-expression of ZFX in HCC cells significantly altered the expression level of SOX-2 and Nanog mRNA ([Figure 5C](#f5-medscimonit-22-3025){ref-type="fig"}, p\<0.001). In total, there were 6 potential binding sites for ZFX within the 2k promoter region of SOX-2 gene, along with 3 binding sites in Nanog gene promoter ([Figure 5D](#f5-medscimonit-22-3025){ref-type="fig"}). To check if ZFX can actually bind onto the promoter region of those 2 genes, we used ChIP-PCR assay and showed the decreased DNA enriching in SOX-2 promoter binding sites by ZFX ([Figure 5E](#f5-medscimonit-22-3025){ref-type="fig"}, p\<0.05). Although no DNA enriching phenomena occurred in the promoter region of Nanog gene, a positive relationship did exist between ZFX expression and Nanog ([Figure 5F](#f5-medscimonit-22-3025){ref-type="fig"}, p\<0.05). These results collectively indicate the role of SOX-2 and Nanog as the downstream target genes of ZFX.

ZFX induced stem cell-like features of HCC
------------------------------------------

In a further *in vivo* xenograft study on nude mice, we found the over-expression of ZFX in HCC cells significantly facilitated the growth of xenograft tumors ([Figure 6](#f6-medscimonit-22-3025){ref-type="fig"}), suggesting the potentiation of ZFX on *in vivo* growth of HCC lesions.

Discussion
==========

Zinc finger protein coupled with X chromosome (ZFX) is a highly reserved protein coded by a gene located in the X chromosome of mammals. As 1 family of zinc finger protein, ZFX contains acidic transcriptional activation domain, nuclear targeting sequence, and DNA structural domain \[[@b23-medscimonit-22-3025],[@b24-medscimonit-22-3025]\]. Recent studies have supported the role of ZFX in tumorigenesis. In this study, we, for the first time, confirmed the up-regulation of ZFX in HCC tissues and the important role of ZFX on the stem cell-like properties of HCC. In liver cirrhosis-derived HCC cells, the elevation of ZFX expression was even more significant, which has not been reported previously. About 70\~90% of HCC were derived from liver cirrhosis, which may be caused by viral hepatitis, alcohol abuse, and metabolic disorders. Our discovery that liver cirrhosis-derived HCC cells had elevated ZFX expression indicates the value of ZFX as a predictive index for evaluating cancer risk in patients with precancerous lesions. The silencing of ZFX significantly inhibited the self-renewal of HCC cells, in addition to the potentiation of its sensitivity to chemotherapy, thereby suggesting the novel role of ZFX as a target for gene therapy of HCC.

The cancer stem cell theory has been postulated in recent years and has been strengthened by an increasing body of evidence. Some scholars recognize the primary tumor as a complex of heterogeneous cell populations, in which certain cancer stem cells keep various features, including low differentiation, unlimited cell division, resistance to chemotherapy, and self-renewal \[[@b13-medscimonit-22-3025],[@b25-medscimonit-22-3025]--[@b27-medscimonit-22-3025]\]. The existence of such tumor-initiated stem cells (TISCs), however, remains controversial as some researchers believe that the stem cell-like features existed not just in a certain sub-population of cancer cells, but in all solid tumor cells. Our findings generally agree with the latter opinion, as most HCC cells had potentiated stem cell features with the help of ZFX. The inhibition of ZFX expression led to broad suppression of cell growth and self-renewal ability. The over-expression of ZFX in HCC cells facilitated both *in vitro* proliferation of HCC cells and *in vivo* growth of xenograft.

We also investigated the downstream effector of ZFX in HCC cells, focusing on the effects on expression of stem cell-related genes, including Nanog, Oct-4, Notch1, and SOX-2. No significant change of Oct-4 or Notch1 occurred. The expression of Nanog and SOX-2, however, was significantly altered by ZFX, which possibly binds onto the promoter region of SOX-2 gene as shown by ChIP-PCR analysis. Recent studies showed that the synergistic expression of Nanog and SOX-2 can re-program somatic cells for induction into pluripotent ESCs \[[@b28-medscimonit-22-3025],[@b29-medscimonit-22-3025]\], suggesting the potency of co-expression of stem cell factors in keeping cells at the undifferentiated status. Moreover, both Nanog and SOX-2 have been suggested to be related with cancer progression because they may potentiate the expression of ZFX, further causing the oncogenesis of HCC \[[@b30-medscimonit-22-3025]--[@b32-medscimonit-22-3025]\]. Nanog has been shown to significantly potentiate to the chemo-resistance of both oral squamous cell carcinoma and prostate cancer \[[@b33-medscimonit-22-3025],[@b34-medscimonit-22-3025]\]. In this study, we further demonstrated a positive relationship between ZFX expression and Nanog, indicating that the elevated sensitivity of HCC cells with ZFX silencing may be related with Nanog down-regulation.

Conclusions
===========

The elevated expression of ZFX in HCC, plus its relationship with cancer stem cells and chemo-resistance, indicate the importance of further studies on the signal pathway of ZFX in tumor cells. Our results and further studies should provide a new potential target for novel therapy against HCC.

**Source of support:** Departmental sources

![Overexpression of ZFX in HCC. (**A**) Up-regulation of ZFX in HCC tumor tissues by qRT-PCR. NL, normal liver tissue; TN, tumor adjacent tissue; T, HCC tumor. (**B**) Elevated ZFX protein levels in HCC tissue by Western blotting. (**C**) Stage III HCC had higher ZFX mRNA than stage I and II tumors. (**D**) Elevated ZFX levels in liver cirrhosis-related HCC tumors compared to non-cirrhosis-derived tumors. \* p\<0.05; \*\* p\<0.01.](medscimonit-22-3025-g001){#f1-medscimonit-22-3025}

![Cell cycle arrest of HCC cell lines by ZFX silencing. (**A**) Up-regulation of ZFX in HCC cell line, HKCI-10, and HKCI-C2 compared to control cells. (**B**) Silencing of ZFX gene decreased both mRNA (top) and protein (bottom) levels. (**C**) G0/G1 phase arrest in cells with ZFX gene silencing. Right panels show decreased percentage of cells at S and G2/G1 phase. \*\* p\<0.01; \*\*\* p\<0.001.](medscimonit-22-3025-g002){#f2-medscimonit-22-3025}

![Inhibition of *in vitro* HCC cell proliferation by ZFX gene silencing. (**A**) MTT analysis showed cell viability. (**B**) EdU staining for cell proliferation. Left panels, non-proliferated (P1) and proliferated (P2) cells; right panels, percentage change of proliferated cells. (**C**) Decreased colony formation ability after ZFX silencing. \*\* p\<0.01; \*\*\* p\<0.001.](medscimonit-22-3025-g003){#f3-medscimonit-22-3025}

![ZFX regulated stem cell-like features of HCC cells. (**A**) Single-cell clone formation was compromised after ZFX silencing in HCC cell lines. A cell colony was defined as having more than 20 cells. (**B**) Chemotherapy agent sensitivity was increased after ZFX silencing. By MTT analysis, cell survival curve is shown in the left panel, while the right panel shows decreased IC~50~ values against cisplatin. \*\* p\<0.01; \*\*\* p\<0.001.](medscimonit-22-3025-g004){#f4-medscimonit-22-3025}

![ZFX regulated SOX-2 and Nanog expression. (**A**) qRT-PCR shows decreased SOX-2 and Nanog mRNA expressions after ZFX silencing. (**B**) SOX-2 and Nanog protein levels were down-regulated in Western blotting. (**C**) The over-expression of ZFX induced SOX-2 and Nanog expression. (**D**) Possible ZFX binding sites within promoter regions of SOX-2 and Nanog genes. (**E**) SOX-2 and Nanog promoter can bind with ZFX by ChIP-PCR assay. (**F**) A positive relationship existed between ZFX and Nanog mRNA levels from 83 cases of primary HCC tissues and adjacent tissues. \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001.](medscimonit-22-3025-g005){#f5-medscimonit-22-3025}

![ZFX over-expression facilitated *in vivo* tumor growth. (**A**) Nude mouse model showed over-growth of tumors derived from ZFX-overexpression HCC cells (far right panels). (**B**) Tumor volume of ZFX-overexpressed xenograft was significantly larger than control ones. \* p\<0.05.](medscimonit-22-3025-g006){#f6-medscimonit-22-3025}
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